Long coherence times of single spins in silicon quantum dots make these systems highly attractive for quantum computation, but how to scale up spin qubit systems remains an open question. As a first step to address this issue, we demonstrate the strong coupling of a single electron spin and a single microwave photon. The electron spin is trapped in a silicon double quantum dot, and the microwave photon is stored in an on-chip high-impedance superconducting resonator.The electric field component of the cavity photon couples directly to the charge dipole of the electron in the double dot, and indirectly to the electron spin, through a strong local magnetic field gradient from a nearby micromagnet. Our results provide a route to realizing large networks of quantum dot-based spin qubit registers.
Long coherence times of single spins in silicon quantum dots make these systems highly attractive for quantum computation, but how to scale up spin qubit systems remains an open question. As a first step to address this issue, we demonstrate the strong coupling of a single electron spin and a single microwave photon. The electron spin is trapped in a silicon double quantum dot, and the microwave photon is stored in an on-chip high-impedance superconducting resonator.The electric field component of the cavity photon couples directly to the charge dipole of the electron in the double dot, and indirectly to the electron spin, through a strong local magnetic field gradient from a nearby micromagnet. Our results provide a route to realizing large networks of quantum dot-based spin qubit registers. I n cavity quantum electrodynamics, a photon is stored in a cavity so that its interaction with a resonant atom (or other two-level system) in the cavity is enhanced to the point where a single quantum of energy is exchanged coherently between the cavity photon mode and the atom (1) . This regime of strong coupling has been achieved across a wide range of experimental platforms, from atoms to superconducting qubits and self-assembled quantum dots, using either optical or microwave photons (2) (3) (4) (5) (6) (7) . Given that cavities extend over macroscopic distances, the coherent cavity-atom interaction can be used to indirectly couple well-separated atoms coherently, offering a path to scalable quantum computing.
This prospect has motivated extensive theoretical and experimental work to achieve the strong-coupling regime with gate-defined semiconductor quantum dots, one of the leading platforms for the realization of quantum circuits (8) (9) (10) (11) . Recently, strong coupling has been reported between a microwave photon and a charge qubit formed in a double quantum dot (DQD), an impressive achievement given the small electric dipole of a double dot and the short-lived charge qubit coherence (12) (13) (14) . Even more chal-lenging, but also more desirable, is the strong coupling to a spin qubit (15, 16) . Compared with the electron charge, the electron spin has far superior coherence properties, but its direct interaction with the cavity magnetic field is exceedingly small (17) . Therefore, one must resort to indirect interaction of the electron spin with the cavity electric field by hybridization of the spin with the electron charge degree of freedom, without compromising spin coherence too severely in the process (18) (19) (20) (21) (22) (23) . For a single spin, spin-charge hybridization can be achieved in a controlled way through a transverse magnetic field gradient (23) (24) (25) (26) (27) (28) .
We report the observation of vacuum Rabi splitting of a single electron spin resonant with an on-chip microwave cavity, the telltale sign of strong coupling. The spin-photon coupling strength is controlled by the charge qubit settings, and we can extract all the relevant coupling strengths and decay rates. At a spin-photon coupling strength of 10 MHz, we observe cavity decay and spin dephasing rates of 4.1 and 1.8 MHz, respectively.
The superconducting cavity consists of a NbTiN half-wavelength coplanar resonator with a narrow center conductor and remote ground planes ( Fig. 1, A and B) , capacitively coupled to a feed line. The cavity resonator is wrapped in a square shape, In the experiment, a single electron moves in the double dot potential landscape (gray line) in response to the resonator electric field E r . A magnetic field is applied in the plane of the quantum well. The Co micromagnets create an additional magnetic field component (red curves with arrows), with a different orientation between the two dots. (E) The DQD energy levels as a function of DQD misalignment e. Near e = 0, the left and right dot levels hybridize, forming bonding and antibonding states that define a charge qubit (34) . Each of the DQD levels is split by the Zeeman energy. The micromagnets cause spin and orbital levels to hybridize as well, as reflected in the color gradients near e = 0 for the middle two energy levels. and its two ends are connected to two Al gates that extend over the quantum dot locations. The resonator's material and dimensions give it a high characteristic impedance of about 1 kilohm that enhances the coupling g c to the double dot charge dipole (13, 29) and make it resilient to in-plane magnetic fields of up to 6 T (29). The DQD is formed electrostatically in an undoped Si/SiGe quantum well (natural isotopic abundance), using a single layer of Al gates (30) (Fig.  1C) . A positive bias on a gate accumulates electrons in the quantum well underneath, and a negative bias repels electrons ( fig. S1D ). An external in-plane magnetic field B ext induces a Zeeman splitting on an electron in the DQD. Two cobalt micromagnets placed near the quantum dots (fig. S1, B and C) produce an additional local in-plane magnetic field, as well as a transverse magnetic field gradient. As a result, when an electron oscillates between the two dots, it experiences an oscillating transverse magnetic field, providing the necessary (indirect) spincharge hybridization that allows an electric field to couple to the spin (24-26) ( Fig. 1E ).
We apply a probe tone to the feed line at frequency f p and record the transmission through the feed line (unless indicated, all transmission plots show the normalized amplitude of the transmission through the feed line). With the DQD tuned to keep the electron fixed in one of the dots, the transmission shows a dip for f p near 6.051 GHz, the bare resonance frequency f r of the NbTiN resonator ( Fig. 2B , square symbol). From the linewidth, we find the bare resonator decay rate k r /2p = 2.7 MHz, with an internal loss rate k int /2p = 1.5 MHz ( fig. S5 ). We monitor the transmission through the feed line at low probe power (below -125 dBm, corresponding to <1 photon in the resonator) to tune up the DQD, characterize the charge-photon interaction, and study spinphoton coupling.
To characterize the charge-photon interaction, we tune the DQD to a regime where the electron can move back and forth between the two dots in response to the cavity electric field, setting B ext = 110 mT, well above the spin-photon resonance condition. Such motion is possible whenever the electrochemical potentials of the two dots are aligned-i.e., where it costs equal energy for an electron to be in either dot. This occurs for specific combinations of gate voltages, seen as the short bright lines in Fig. 2A , where the chargephoton interaction modifies the transmission (31) . We focus on the lower left line, which corresponds to the last electron in the DQD.
To place the charge-photon interaction in the dispersive regime, the gate voltages are adjusted to set 2t c /h in the range of 8 to 15 GHz, so that the charge qubit splitting hf c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 4t 2 c þ e 2 p is always well above hf r (t c , interdot tunnel coupling; h, Planck's constant). We measure f c using two-tone spectroscopy. In the dispersive regime, the chargephoton interaction results in a frequency shift of the resonator (Fig. 2F ). In Fig. 2B , the characteristic dependence of this dispersive shift on the DQD misalignment e is apparent. At e = 0, the electron can most easily move between the dots; hence, the electrical susceptibility is the highest, and the dispersive shift the largest (triangle). At e = 0, the magnitude of the dispersive shift is approximated by (g c /2p) 2 /(f cf r ), where the charge-photon coupling strength g c is mostly fixed by design, and the detuning between f c and f r can be adjusted. From a fit based on inputoutput theory (32), a charge-photon coupling strength g c /2p of~200 MHz is extracted.
To probe coherent spin-photon coupling, the charge sector parameters are kept constant so that the interaction with charge remains dispersive. By varying B ext , the spin splitting is controlled so that the interaction with the spin goes from dispersive to resonant. On resonance, spin and photon hybridize (Fig. 2F, star) . In Fig. 2C , the transmission through the feed line is shown as a function of the strength of B ext (the total field is the vector sum of the external field and the micromagnet stray field) and the probe frequency f p applied to the feed line. As expected, the cavity resonance seen in transmission is (nearly) independent of B ext at large spin-resonator detuning. When the spin splitting approaches resonance with the resonator frequency, we observe a strong response in the form of an anticrossing (Fig. 2C, star) . branch corresponds to g L m B /h (m B , the Bohr magneton; g L ≈ 2, the Landé g-factor of an electron spin in Si). The observed avoided crossing is thus a clear signature of the coherent hybridization of the spin qubit with a single microwave photon.
The line cut indicated by the dashed green line in Fig. 2C and shown in Fig. 2D reveals two well-separated peaks. This feature is known as the vacuum Rabi splitting and is expected for strong coherent spin-photon coupling. The peak separation is about 26 MHz, corresponding to a spin-photon coupling strength g s /2p of 13 MHz. The cavity decay rate can be extracted independently from the linewidth away from spin-photon resonance, which here is k/2p = 5.4 MHz [the cavity dispersively interacts with the charge, so k > k r (31) ]. The spin dephasing rate g s /2p = 2.5 MHz is independently obtained from twotone spectroscopy of the spin transition (discussed next). We observe that g s > k, g s , satisfying the condition for strong coupling of a single electron spin to a single microwave photon.
Two-tone spectroscopy of the charge and spin qubits allows us to independently extract the respective qubit splittings and dephasing rates. In Fig. 3, A and B , the second tone is resonant with the charge qubit splitting around 11.1 GHz, with a dependence on e described by hf c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
[white dashed line (neglecting spin-charge hybridization)]. In this case, a charge qubit dephasing rate g c /2p = 52 MHz is extracted from the linewidth. In Fig. 3 , C and D, the second tone is swept through the spin resonance condition while keeping the spin-cavity system in the dispersive regime. A linear dependence of the spin splitting on B ext is observed, with a slope corresponding to g L ≈ 2. At 2t c /h = 12.6 GHz, we extract g s /2p = 1.4 MHz from the linewidth. This is somewhat larger than the~0.3-MHz single-spin dephasing rates observed in a single Si/SiGe quantum dot (10, 11, 25) , as is expected given that an electron in a DQD at e = 0 is more susceptible to charge noise, which affects spin coherence through the magnetic field gradient (23, 27, 28) .
The spin-photon hybridization can be controlled with gate voltages. By moving away from e = 0, the photon and charge no longer hybridize, and the spin-photon coupling vanishes ( Fig. 2E ). Furthermore, at e = 0, the spin-photon coupling strength can be approximated as g s ¼ 1 4 g c g L m B DB x =ð2t c = h À f r Þ (provided the magnetic field profile is symmetric relative to the DQD) (23, 27, 28) .
Here, DB x is the difference in the transverse field between the two dots. Starting from large t c , reducing t c increases spin-charge admixingand thus, indirectly, spin-photon coupling-as seen experimentally in Fig. 4 , B to D. With increased spin-charge admixing, the asymmetry in the intensity of the two branches also increases, which is understood as a result of quantum interference in the one-excitation manifold of pho-ton, charge, and spin (28) . Furthermore, an additional feature (Fig. 4D, white arrow) appears close to the lower branch (discussed in the supplementary materials). The variation of g s with t c is summarized in Fig. 4A , along with the theoretical approximation for g s versus t c . However, as seen in the same figure, with lower t c , the spin dephasing rate g s increases as well, as does the cavity decay rate k (28) . Ultimately, we wish to maximize the peak separation over linewidth, 2g s /(g s + k/2). In this respect, there is an optimal choice of tunnel coupling, as seen from Fig. 4A .
Last, we study how close together the charge and spin sweet spots occur, where the relevant frequency (charge or spin) is, to first order, insensitive to the DQD misalignment. The charge sweet spot is seen in Fig. 2B at e = 0 and f p = 6.032 GHz. If the micromagnets are placed symmetrically with respect to the DQD (as in Fig. 1D ), the total magnetic field magnitude is symmetric around the center of the DQD. In this case, the spin splitting has no first-order dependence on e at e = 0, and the charge and spin sweet spots coincide. For asymmetrically placed magnets, the spin sweet spot occurs away from e = 0. To find the spin sweet spot, we vary e and B ext at f p = 6.040 GHz (Fig. 4E ). Throughout the blue band, f p is resonant with the cavity frequency (in the dispersive charge-photon coupling regime). Where the blue band is interrupted, the magnetic field brings the spin on resonance with the cavity photon, spin and photon hybridize, and the transmission is modified. This spin-photon resonance condition shifts down in magnetic field as a function of |e| (26) . The value of e where this shift has no first-order dependence on e occurs close to e = 0, i.e., the spin sweet spot lies close to the charge sweet spot.
The strong coupling of spin and photon not only opens a new range of physics experiments, but also is the crucial requirement for coupling spin qubits at a distance by means of a superconducting resonator. Given the large dimensions of resonators compared with those of double dots, multiple spin qubits can interact with and through the same resonator, enabling scalable networks of interconnected spin qubit registers (33) . Importantly, the spin-photon coupling can be switched on or off on nanosecond time scales by using gate voltage pulses that control the double dot misalignment and tunnel coupling, facilitating on-demand coupling of one or more spins to a common resonator.
